Two key features-non-volatility and non-flammability-make ionic liquids (ILs) very attractive for use as electrolyte solvents in advanced energy storage systems, such as supercapacitors and Li-ion batteries. Since most ILs possess high viscosity and are less prone to dissolving common electrolytic salts when compared to traditional electrolytic solvents, they must be formulated with low viscosity thinner solvents to achieve desired ionic conductivity and dissolution of electrolyte salts in excess of 0.5 M concentration. In the past few years, our research group has synthesized several specifically designed ILs (mono-cationic, di-cationic, and zwitterionic) with bis(trifluoromethylsulfonyl)imide (TFSI) and dicyanamide (DCA) as counter anions. This article describes several electrolyte formulations to achieve superior electrolytic properties. The performance of a few representative IL-based electrolytes in supercapacitor coin cells is presented. ChemEngineering 2019, 3, 58 2 of 25
Introduction
Lithium-ion batteries (LIBs) are now exclusively used to power hybrid and electric vehicles, due to their high energy density and operational voltage [1] [2] [3] [4] . However, current state-of-the-art LIB systems have critical challenges regarding safety, due to the use of highly volatile and extremely flammable organic carbonates, such as ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) [5] [6] [7] . Consequently, in recent years many strategies have been explored to develop alternative electrolytes that have nonflammable characteristics. Solid polymer electrolytes (SPEs) have been studied, but their poor ionic conductivity is the main obstacle [8] [9] [10] . Gel polymer electrolytes (GPEs) have been obtained by infusing organic liquid electrolytes into a polymer matrix. Though GPEs display good ionic conductivity, safety concerns caused by volatile and flammable organic solvents cannot be ignored [11, 12] .
Though GPEs display good ionic conductivity, safety concerns caused by volatile and flammable organic solvents cannot be ignored [11, 12] .
Among the nonflammable or safer electrolytes investigated thus far, ionic liquids (ILs) have been considered as the most promising candidates. In contrast to carbonate-based electrolytes, ILs possess nonflammability, negligible volatility, and high thermal and electrochemical stabilities [13] [14] [15] [16] [17] . However, they possess high viscosity, and with a few exceptions, exhibit low pristine ionic conductivity, which deteriorates to an unacceptable value (<1 mS cm −1 ) when a lithium salt in >0.5 M concentration is added. The viscosity of ILs is known to depend on the molecular frictional forces that are governed by their size. It is known that bulky molecules experience higher friction along with slow diffusion, leading to higher viscosity [18] .
How fast a Li-ion cell can be charged or discharged depends on how fast Li + can be moved from one electrode to the other. During the charge of the graphitic carbon anode, the Li + charge transfer process of Li + in the electrolyte to Li in the LixC6 electrode includes the following three steps: Similar steps would happen at the cathode during discharge. During charging of the cathode, such as lithium nickel cobalt aluminum mixed oxide (LiNiyCozAl1-y-zO2), the charge transfer process includes the following steps [19] : If the conductivity of the electrolyte is poor, then the activation energy of the ion conduction will be very high, which may make steps 1 and 6 rate limiting. Therefore, a high ionic conductivity (>7 mS cm −1 ) is a must for achieving fast charge/discharge operations (>20C, i.e., three minutes each to complete charge and discharge).
This research work directly addresses the issue of low ionic conductivity of ILs by synthesizing several new specifically designed ILs, fluorine-containing ionic liquids (FILs), dicationic ionic liquids (DILs), and zwitterionic liquids (ZILs). We have also synthesized some previously reported ILs that are not commercially available in order to draw meaningful conclusions. Finally, we have prepared several nonflammable electrolyte formulations for applications in advanced LIBs. We have demonstrated that high energy density supercapacitor cells can be constructed using IL-based electrolytes.
IL-based electrolytes also have applications in electrical double layer capacitors (EDLCs) [20] . Their high electrochemical stability greatly increases the maximum operation voltage (OPV) of the cells [21] , which lead to higher energy density. A variety of electrolytes have been developed, including neat ILs [22, 23] , IL solutions in organic solvents [23, 24] and IL-doped polymer solid-state electrolytes [25] . Along with monovalent cationic ILs, DILs and polyvalent cationic ILs have also been considered for EDLC electrolytes [26] . ILs are not only very useful to electrical energy storage devices, but also found valuable in various scientific research and industry areas [27] , including enhanced solvents for organic reactions, superior solvents to produce innovative materials, etc. [28, 29] .
Similar steps would happen at the cathode during discharge. During charging of the cathode, such as lithium nickel cobalt aluminum mixed oxide (LiNi y Co z Al 1-y-z O 2 ), the charge transfer process includes the following steps [19] :
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Synthesis of DAEE-ZIL-0.65 g of DAEE-CN, 0.51 g of 1,3-propane sultone and 5 mL of acetonitrile were placed in a flask. The solution was stirred overnight at RT. After the reaction was done, acetonitrile was removed by rotavap. THF was used to wash out the excess sultone. The pure product was obtained after the solvent was removed. Anal. calcd. for C 12 H 24 N 2 O 5 S (%): C, 46.74; H, 7.84; N, 9. 08; S, 10.40. Found: C, 46.59; H, 7.72; N, 9. 01; S, 10.21.
Synthesis of TBAE-CN-3.15 g of 2-tert-butylamino ethanol, 5.78 of acrylonitrile and 2 mL of water were placed in a 50 mL flask in an ice water bath and stirred. 0.8 mL of TMAH was added drop-wise to the mixture. 0.1 M HCl solution was added to the solution after one day reaction. The product was obtained after the similar purification procedure described above for DAEE-CN. FTIR: Nitrile group (-CN) stretching absorption at 2250.3 cm −1 , no alcohol group (-OH) stretching absorption at 3500 cm −1 . 1 H-NMR (300 MHz, CDCl 3 ): δ 3.6 (t), 3.4 (t), 2.7 (t), 2.6 (t), 1.0 (s) ppm. Anal. calcd. for C 12 H 21 N 3 O (%): C, 64.54; H, 9.48; N, 18.82 . Found: C, 64.41; H, 9.66; N, 18.72 .
Synthesis of TBAE-ZIL: 1.68 g of TBAE-CN, 1.17 g of 1,3-propane sultone and 7 mL of acetonitrile were placed in a flask. The solution was stirred for overnight at RT. The pure product was obtained after the similar purification procedure described above for DAEE-CN. Anal. calcd. for C 15 Synthesis of TEA-CN: 1.55 g of triethanolamine, 2.87 g of acrylonitrile and 2 mL water were placed in a 50 mL flask in an ice water bath and stirred. 0.4 mL of TMAH was added drop wise to the solution. After two days reaction time, 0.1 M HCl solution was added to the mixture. The purification procedure was similar as described above for DAEE-CN. FTIR: Nitrile group (-CN) stretching absorption at 2250.3 cm −1 , no alcohol group (-OH) stretching absorption at~3500 cm −1 . 1 H-NMR (300 MHz, CDCl 3 ): δ 3.6 (t), 3.4 (t), 2.7 (t), 2.6 (t), 1.0 (s) ppm. Anal. calcd. for C 15 Synthesis of TEA-ZIL: 1.08 g of TBAE-CN, 0.51 g of 1,3-propane sultone and 4 mL of acetonitrile were placed in a flask. The solution was stirred for overnight at room temperature. The pure product was obtained after the similar purification procedure as described above for DAEE-CN. Anal. calcd. for C 18 
Viscosity Measurement
The dynamic viscosity of all ILs was measured using a Brookfield DV3T viscometer containing spindle CPA-40Z. A schematic of the experimental set-up is depicted in Figure 1 . A recirculating chiller (Isotemp 1013S, Fisher Scientific, Hampton, NH, USA) was linked with the heating container of the viscometer to keep the temperature of the sample chamber stable at 25 (±0.1) • C by water/glycol = 1/1 liquid cycling. The instrument was calibrated with a mineral oil viscosity standard fluid (B29) supplied by the manufacturer. All samples were dried with 4 Å molecular sieves for 2 days to remove any possible moisture prior to the viscosity measurement. A sample of about 0.5 mL was kept in the sample chamber for~10 min prior to acquiring the viscosity data.
Ionic Conductivity Measurement
The ionic conductivity was measured using a Mettler Toledo S230-Kit conductivity meter (Metler Toledo, Columbus, OH, USA) in an environmental chamber from 25 • C to 70 • C [33] . The conductivity meter was calibrated against a standard (0.01 mol L −1 KCl aqueous solution) with an ionic conductivity of 1.314 mS cm −1 at 25.0 • C. spindle CPA-40Z. A schematic of the experimental set-up is depicted in Figure 1 . A recirculating chiller (Isotemp 1013S, Fisher Scientific, Hampton, NH, USA) was linked with the heating container of the viscometer to keep the temperature of the sample chamber stable at 25 (±0.1) °C by water/glycol = 1/1 liquid cycling. The instrument was calibrated with a mineral oil viscosity standard fluid (B29) supplied by the manufacturer. All samples were dried with 4 Å molecular sieves for 2 days to remove any possible moisture prior to the viscosity measurement. A sample of about 0.5 mL was kept in the sample chamber for ~10 min prior to acquiring the viscosity data. 
Flammability Test
We carried out a flammability test called self-extinguishing time (SET) in accordance with a reported study [34] . Each electrolyte was tested three times: The burner was ignited above the sample for 5 s and then switched off. The ignition time after flame setting and the self-extinguish time after removing the burner were measured as an indicator of the nonflammability index of the sample [35] . The time it took for the flame to extinguish was normalized against liquid mass to give the SET in second/gram [36] . The electrolyte was judged to be nonflammable if the electrolyte never ignited during the testing, or if the ignition of electrolyte ceased when the flame was removed [37] .
Fabrication of EDLC Coin Cells and Electrochemical Measurements
Fabrication of coin cells. The electrode slurry was prepared by mixing 90 wt.% mesoporous carbon and 10 wt.% carboxymethyl cellulose (CMC) binder in a 50% water/ethanol solution. The slurry was cast onto an aluminum foil substrate and then dried at 60 • C for 24 h. The AC-coated aluminum foil was punched to obtain electrode discs, each containing~1.8 mg (±0.1 mg) electrode material. CR2032-type coin cells were assembled in an Ar-filled glove box with oxygen content less than 1 ppm. The cells contained Celgard 2535 as the separator and symmetric electrodes.
Cyclic voltammetry (CV). The test was performed on a PARSTAT 4000A Potentiostat Galvanostat instrument (Ametek SI, Oak Ridge, TN, USA). Two-electrode test cells were initially charged from the open circuit voltage to the maximum voltage (2.50 V to 3.50 V, gradually increased by 0.25 V per test), and then the voltage was switched between 0 and the maximum at a scan rate of 10 mV s −1 .
Electrical impedance spectroscopy (EIS). The inner resistance of our EDLC cells was measured from EIS and Nyquist plot curves. Data were collected using the same CV instrument described above. The frequency range of the discharge state of the cells was recorded between 0.1 MHz and 1 Hz, with an amplitude of 10 mV.
Cycling performance. The cycling performance of the cell was tested in an MTI battery analyzer (BST8-WA). Coin cells with 6 different formulations ran 50 charge-discharge cycles at 0.5, 1.0, 2.0 and 4.0 A g −1 , respectively. Then 4000-cycle long-term cycling test was applied using the best two electrolytes.
Results and Discussion

Synthesis and Properties of Specifically Designed ILs
ILs possess a wide range of viscosities ranging from 15 to 40,000 cP, compared to viscosities of typical organic solvents which range from 0.2 to 100 cP. Since ionic conductivity is inversely related to viscosity, most ILs fall short of electrolyte applications [38, 39] . Among the ILs studied for electrolyte applications, pyrrolidinium (Py), imidazolium (Im), and sulfonium (S) cations with TFSI as the anion display reasonably low viscosity [9, [13] [14] [15] [16] . Consequently, they are attractive in terms of achieving the target electrolyte properties, viz., ionic conductivity (>7 mS cm −1 ). Several ILs display very good pristine ionic conductivity, but they are not suitable for Li-ion battery electrolytes because of their poor lithium salt (LiTFSI) dissolution and/or a dramatic drop in ionic conductivity, due to a sharp rise in viscosity after adding the Li-salt. Consequently, the preparation of IL-based electrolytes containing at least 0.5 M LiTFSI with ionic conductivity in excess of 7 mS cm −1 is very challenging. In this study, we have addressed two questions. Which class of ILs has the best chance of meeting basic ionic conductivity requirements? What structural modifications would achieve Li-salt dissolution in excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1, 2 and 6 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. excess of 0.5 M? To answer these questions, we have synthesized many new ILs to draw structure-property relationships. Tables 1-3 list the structures of ILs synthesized. The major emphasis was given on ether group-containing ILs because we reason that the ether group will effectively coordinate with the lithium salt, leading to improved lithium salt dissolution. We have also synthesized several previously reported ILs which are not commercially available to compare properties with our new ILs. Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO 3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very different from the literature [43] . As depicted in Figure 3 , our strategy involves an ion-exchange resin and is based on the fact that NaCl possesses much lower solubility than NaDCA in acetone. The solubility of NaCl is reported as 4.2 × 10 −5 g per 100 g acetone at 25 • C [62] . Another notable advantage of our method is that the procedure does not require the preparation of the iodo compounds. Additionally, the ion-exchange resin can be reused multiple times simply by regeneration with HCl solution. All new ILs were characterized by 1 H-NMR, 13 C-NMR and elemental analysis. Tables 1, 2 and 6 list viscosity and ionic conductivity values of the ILs synthesized. Surprisingly, ether group-containing ILs displayed better ionic conductivity when compared with the corresponding alkyl analog (e.g., Py 11O1 TFSI vs. Py 13 TFSI). DCA anion-based ILs are the best when it comes to both low viscosity and high ionic conductivity. Among the hydrocarbon substituted ILs, allyl group containing ILs displayed superior properties than alkyl or alkyne group containing ILs (e.g., Py 1A TFSI vs. Py 1P TFSI and Py 13 TFSI). In general, sulfonium-based ILs display low viscosity, but it did not translate to high ionic conductivity for most compounds except for S 221O2 DCA (new ether group-containing compound), which displayed remarkably low viscosity (25.3 cP) and high ionic conductivity (11.6 mS cm −1 ). We have also identified two ILs with outstanding properties, Im 12 DCA (viscosity, 14.8 cP and ionic conductivity, 26.3 mS cm −1 ) and S 222 DCA (viscosity, 14.4 cP and ionic conductivity, 26.9 mS cm −1 ). Although their Li-salt dissolution power is very poor, we believe that they can be used as a thinner solvent to improve the properties of our new ether group-containing ILs (vide infra). Tables 1-3 list viscosity and ionic conductivity values of the ILs synthesized. Surprisingly, ether group-containing ILs displayed better ionic conductivity when compared with the corresponding alkyl analog (e.g., Py11O1 TFSI vs. Py13 TFSI). DCA anion-based ILs are the best when it comes to both low viscosity and high ionic conductivity. Among the hydrocarbon substituted ILs, allyl group containing ILs displayed superior properties than alkyl or alkyne group containing ILs (e.g., Py1A TFSI vs. Py1P TFSI and Py13 TFSI). In general, sulfonium-based ILs display low viscosity, but it did not translate to high ionic conductivity for most compounds except for S221O2 DCA (new ether group-containing compound), which displayed remarkably low viscosity (25.3 cP) and high ionic conductivity (11.6 mS cm −1 ). We have also identified two ILs with outstanding properties, Im12 DCA (viscosity, 14.8 cP and ionic conductivity, 26.3 mS cm −1 ) and S222 DCA (viscosity, 14.4 cP and ionic conductivity, 26.9 mS cm −1 ). Although their Li-salt dissolution power is very poor, we believe that they can be used as a thinner solvent to improve the properties of our new ether group-containing ILs (vide infra). 
Synthesis and Properties of Specifically Designed FILs
In the past decades, a number of FILs (ILs with fluorine-containing cations) have been synthesized [63, 64] . While they have been tested for anti-fungal drugs [65] , enhanced oxygen solubility [66] , photovoltaics [67] , surfactants [68] , and super hydrophobic coatings [69] , their applicability for Li-ion battery electrolytes have not been explored. Fluorine-containing electrolyte solvents possess several attractive features. A key feature is that they are known to form stable solid electrolyte interphase (SEI) on the anode surface, leading to superior cell stability [70] . Other special attributes of fluorinated solvents include superior flame-retardant properties [71] ; reduction of boiling temperature and generally lower viscosity [72] . Additionally, the influence of inter-ion hydrogen bonding can be diminished by introducing fluorine-containing groups into the IL cation-especially when employing TFSI as the counter anion [73] . In view of these considerations, we believe that through the combination of a fluorinated functional group (e.g., -CF 3 ) and ethylene oxide (EO) moiety (-CH 2 CH 2 O-) in the cation, ILs may be produced that will display non-volatility, non-flammability, low viscosities and high ionic conductivities. As mentioned earlier, the EO unit is known as one of the best solvating mediums for lithium salts [74] . The EO unit provides a suitable space for Li-ion to coordinate with oxygen, and Li-ion migration is associated with the segmental mobility of the EO moiety [75] . Furthermore, a reduction of the symmetry, introduced by the presence of the EO functionality, may cause a melting point depression. This is attributed to a reduction in anion-cation interaction resulting from asymmetry and a delocalized charge. Moreover, as mentioned above, the asymmetric structure could increase the lithium ion transport, and hence ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 3 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im 12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im 1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. as mentioned above, the asymmetric structure could increase the lithium ion transport, and hence ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 278. 27 60.6 1.2 New compound [33] P y1TFO2 TFSI ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 492. 38 78.9 2.3 New compound [33] Im 1TFO2 DCA ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 274. 34 17.32 3.6 New compound [33] Im 1TFO2 TFSI as mentioned above, the asymmetric structure could increase the lithium ion transport, and hence ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 488. 35 49.8 5.3 New compound [33] S 22TFO2 DCA as mentioned above, the asymmetric structure could increase the lithium ion transport, and hence ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 283. 31 27.6 5.2 New compound [33] S 22TFO2 TFSI as mentioned above, the asymmetric structure could increase the lithium ion transport, and hence ionic conductivity. With these attributes of FILs in mind, our research group has synthesized several new FILs [33] . The structures and properties of some of the best FILs are presented in Table 4 . We are pleased to report that fluoro analogs possess similar viscosity, but displayed higher ionic conductivity. This trend is very prominent in Im12O2 TFSI (viscosity, 45.1 cP and ionic conductivity, 3.3) and Im1TFO2 TFSI (viscosity, 49.8 cP and ionic conductivity, 5.3) analogs. The DCA-based FILs demonstrated superior viscosity values in comparison to TFSI-based FILs. [33] As can be inferred from the data presented in Table 4 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below 497. 42 39.0 2.2 New compound [33] As can be inferred from the data presented in Table 3 , the FILs are unlikely to serve as a single solvent system for the electrolyte application, since their pristine ionic conductivity is already below the electrolyte requirement (>7 mS cm −1 ) and expected to be much lower when Li-salt will be added. Therefore, viscosity manipulation is the best way to resolve this issue. Earlier we mentioned two low molecular weight ILs, Im 12 DCA and S 222 DCA, with attractive viscosity and ionic conductivity values. We believe these ILs as a co-solvent ("thinner") may boost the ionic conductivities of the FIL-based electrolytes. Accordingly, we have prepared several electrolyte formulations using Im 12 DCA as the thinner solvent with the best member of Py, Im and S-cation-based FILs. We made the electrolytes in a way that all electrolytes possess 0.5 M concentration of LiTFSI in 1:1 wt.% FIL/Thinner (Table 4 ). We were delighted to observe that all formulated electrolytes showed outstanding ionic conductivity at room temperature (similar to commercial carbonate-based Li-ion battery electrolytes, 11 mS cm −1 ). At high temperatures, they were outstanding too. To our knowledge, these are the first examples of LiTFSI salt containing all IL-based electrolytes (i.e., no organic solvents) that displayed ionic conductivity in excess of 10 mS cm −1 . Having been encouraged by the ionic conductivity data, we tested the nonflammability behavior of these electrolytes. This property is very important as the carbonate-based electrolytes are highly flammable and known to catch fire under abusive conditions. In order to investigate the flammable behavior of the formulated electrolytes we carried out a flammability test called self-extinguishing time (SET) [34] [35] [36] [37] . The details of the test are described in the experimental section. It is clearly observed from Figure 5 that all the three series of electrolytes may be certified as nonflammable, since they cannot be ignited, meaning their SET is measured to be 0s. We also confirmed that neat FILs were completely nonflammable in nature, thus contributing to the high safety of the formulated electrolyte systems.
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S22TFO2 TFSI 0.1008 0.1006 0.0227 7.9 22.8 Having been encouraged by the ionic conductivity data, we tested the nonflammability behavior of these electrolytes. This property is very important as the carbonate-based electrolytes are highly flammable and known to catch fire under abusive conditions. In order to investigate the flammable behavior of the formulated electrolytes we carried out a flammability test called self-extinguishing time (SET) [34] [35] [36] [37] . The details of the test are described in the experimental section. It is clearly observed from Figure 5 that all the three series of electrolytes may be certified as nonflammable, since they cannot be ignited, meaning their SET is measured to be 0s. We also confirmed that neat FILs were completely nonflammable in nature, thus contributing to the high safety of the formulated electrolyte systems. Figure 5 . Development of the flames for different formulated electrolytes during the self-extinguishing time (SET) test directly at the burner was turned on (at the start) and was turned off (after 1 s), respectively (see Table 5 for the sample/formulation number) [33] . Figure 5 . Development of the flames for different formulated electrolytes during the self-extinguishing time (SET) test directly at the burner was turned on (at the start) and was turned off (after 1 s), respectively (see Table 4 for the sample/formulation number) [33] .
Synthesis and Properties of Specifically Designed DILs
Dicationic ionic liquids (DILs) consist of an anion and a doubly charged cation, which is composed of two singly charged cations as head groups linked by a variable length of alkyl or oligo ethylene glycol (OEG) chain as a rigid or flexible spacer. Thus, the DILs can offer the opportunity to investigate both the influence of cation and anion variation, and the influence of the chain length. While currently most research groups have been focusing on mono cationic-type ILs, the number of publications on DILs has been steadily increasing [76, 77] . Anderson et al. presented the synthesis and characterization of a variety of DILs containing hydrocarbon spacers [78] . Kubisa and Biedron investigated DILs obtained by functionalization of OEG with triphenylphosphine [79] . However, the relationship studies between the structure and physicochemical characteristics are still rare. Therefore, it is worthwhile to investigate other new DIL structures to gain further understanding and extend the applications of DILs as electrolyte components. Recently, we reported several new OEG-spacer containing DILs [54] .
Our hypothesis was that DILs should have the capability to dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 5 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( Table 7 ). Two electrolyte formulations that passed the minimum ionic conductivity threshold are DIm44O TFSI and DS224O DCA. 506. 64 49.5 1.5 New compound [54] DP y1 4O TFSI dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( dissolve more lithium salts in order to have higher Li + conductivity, if DILs are intended to be applied in Li-ion batteries. Thus, by incorporating an OEG segment into the DILs structure, the conductivity could be enhanced primarily by improving cation transport through the OEG segment. Table 6 depicts the structures and properties of some of the high performing DILs. It is important to note that DILs with shorter EO segments (<4) were not as good as EO = 4 in terms of ionic conductivity [54] . New compound [54] As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very different from the literature [43] . As depicted in Figure 3 , our strategy involves an ion-exchange resin and is based on the fact that NaCl possesses much lower solubility than NaDCA in acetone. Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very different from the literature [43] . As depicted in Figure 3 , our strategy involves an ion-exchange resin and is based on the fact that NaCl possesses much lower solubility than NaDCA in acetone. Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very different from the literature [43] . As depicted in Figure 3 , our strategy involves an ion-exchange Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very different from the literature [43] . As depicted in Figure 3 , our strategy involves an ion-exchange Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very 399. 40 30.5 (33.7) 5.6 (7.3) Commercially available [56] S 121O2 TFSI ChemEngineering 2019, 3, x FOR PEER REVIEW 9 of 26 Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very 415. 40 34. Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather expensive salts, AgNO3 and NaDCA. Our synthetic strategy to prepare DCA-based ILs is very Figures 2-4 describe the synthetic strategy to our new ILs. As mentioned in the experimental section, the synthesis of TFSI-based ILs is straightforward and involves two steps: Preparation of an appropriate cationic salt (typically chloride and bromide) followed by an aqueous metathesis reaction with LiTFSI [43] . Since all TFSI-based ILs are insoluble in water, the metathesis product separates as an organic layer. By contrast, the synthesis of DCA-based ILs is rather complicated. The complicacy arises, due to the high solubility of DCA-based ILs in water. Traditionally, the DCA-based ILs have been prepared via the metathesis reaction of a cationic iodide salt with AgDCA in a polar solvent (such as methanol or acetone). This is due to the extremely low solubility of AgI, which precipitates out of the solution [57] [58] [59] [60] [61] . There are two major disadvantages to this methodology. First, the desired iodo compound is not always commercially available. Second, AgDCA is very expensive as it must be prepared by the metathesis reaction between two rather 185. 29 14.4 26.9
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As expected, DILs displayed very high viscosity resulting in low pristine ionic conductivity. However, the dissolution of LiTFSI in these DILs was excellent. This prompted us to study electrolytic properties of formulated electrolytes using Im 12 DCA as the thinner IL co-solvent. In general, the properties of the DIL-formulated electrolytes showed slightly inferior to FIL-based electrolytes ( Table 7) . Two electrolyte formulations that passed the minimum ionic conductivity threshold are DIm 44O TFSI and DS 224O DCA. Similar to the FIL-based electrolytes, we studied the nonflammable properties of these DIL-based electrolytes. It is apparent from Figure 6 that all three series of electrolytes may be certified to be nonflammable, as they could not be ignited, meaning their SETs are measured to be zero. We also confirmed that neat DILs were completely nonflammable in nature, thus contributing to the high safety of the resulting electrolytes. Similar to the FIL-based electrolytes, we studied the nonflammable properties of these DIL-based electrolytes. It is apparent from Figure 6 that all three series of electrolytes may be certified to be nonflammable, as they could not be ignited, meaning their SETs are measured to be zero. We also confirmed that neat DILs were completely nonflammable in nature, thus contributing to the high safety of the resulting electrolytes. Figure 6 . Development of the flames for different DIL-based electrolytes during SET test directly at the burner was turned on (at the start) and was turned off (after 1 s), respectively [54] .
Synthesis and Properties of Specifically Designed ZILs
Zwitterionic liquids (ZILs), a unique class of ILs, possess a high dielectric constant, due to the presence of two permanent opposite charges connected by covalent bonds in the same molecule. ZILs are also nonvolatile and exhibit thermal and electrochemical properties similar to that of ILs [80] . It has been reported that ZILs derived from ammonium, pyrrolidinium, or imidazolium cations significantly promote dissociation of lithium ions [81, 82] , and consequently, dissolve more lithium salts (in excess of 1 M) compared to traditional ILs. However, similar to ILs, ZILs are also very viscous, leading to low pristine ionic conductivity. This single issue calls for a formulation of ILs with a suitable thinner solvent.
In this study, we have synthesized four new specifically designed ZILs: NMDE-ZIL, DAEE-ZIL, TBAE-ZIL and TEA-ZIL. We introduced two specific features (nitrile and ether groups) in these molecules to address the issues of ionic conductivity and Li-salt dissolution. A high dielectric constant of an electrolyte solvent is crucial in order to achieve high ionic conductivity because a high Figure 6 . Development of the flames for different DIL-based electrolytes during SET test directly at the burner was turned on (at the start) and was turned off (after 1 s), respectively [54] .
In this study, we have synthesized four new specifically designed ZILs: NMDE-ZIL, DAEE-ZIL, TBAE-ZIL and TEA-ZIL. We introduced two specific features (nitrile and ether groups) in these molecules to address the issues of ionic conductivity and Li-salt dissolution. A high dielectric constant of an electrolyte solvent is crucial in order to achieve high ionic conductivity because a high dielectric constant promotes superior ion dissociation. The incorporation of polar nitrile groups in the ZIL materials is a direct response to this issue. The lack of adequate Li-salt dissolution in ILs has been another critical issue. Similar to FILs and DILs, we reason that this issue can be best addressed by introducing ether moieties, which chelate effectively with Li + and facilitate the lithium ions to be structurally transferred between two ligands.
The synthesis of new ZILs requires nitrile and ether groups substituted with quaternary amines. This objective was accomplished in one step by the Michael addition reaction between a hydroxyl group containing a tertiary amine and acrylonitrile in almost quantitative yield (Figures 7-10) . In a recent study, we have published a series of nitrile-groups containing polyether solvents for LIB electrolytes by this strategy [83] . dielectric constant promotes superior ion dissociation. The incorporation of polar nitrile groups in the ZIL materials is a direct response to this issue. The lack of adequate Li-salt dissolution in ILs has been another critical issue. Similar to FILs and DILs, we reason that this issue can be best addressed by introducing ether moieties, which chelate effectively with Li + and facilitate the lithium ions to be structurally transferred between two ligands. The synthesis of new ZILs requires nitrile and ether groups substituted with quaternary amines. This objective was accomplished in one step by the Michael addition reaction between a hydroxyl group containing a tertiary amine and acrylonitrile in almost quantitative yield ( Figures  7-10) . In a recent study, we have published a series of nitrile-groups containing polyether solvents for LIB electrolytes by this strategy [83] . dielectric constant promotes superior ion dissociation. The incorporation of polar nitrile groups in the ZIL materials is a direct response to this issue. The lack of adequate Li-salt dissolution in ILs has been another critical issue. Similar to FILs and DILs, we reason that this issue can be best addressed by introducing ether moieties, which chelate effectively with Li + and facilitate the lithium ions to be structurally transferred between two ligands. The synthesis of new ZILs requires nitrile and ether groups substituted with quaternary amines. This objective was accomplished in one step by the Michael addition reaction between a hydroxyl group containing a tertiary amine and acrylonitrile in almost quantitative yield ( Figures  7-10) . In a recent study, we have published a series of nitrile-groups containing polyether solvents for LIB electrolytes by this strategy [83] . dielectric constant promotes superior ion dissociation. The incorporation of polar nitrile groups in the ZIL materials is a direct response to this issue. The lack of adequate Li-salt dissolution in ILs has been another critical issue. Similar to FILs and DILs, we reason that this issue can be best addressed by introducing ether moieties, which chelate effectively with Li + and facilitate the lithium ions to be structurally transferred between two ligands. The synthesis of new ZILs requires nitrile and ether groups substituted with quaternary amines. This objective was accomplished in one step by the Michael addition reaction between a hydroxyl group containing a tertiary amine and acrylonitrile in almost quantitative yield ( Figures  7-10) . In a recent study, we have published a series of nitrile-groups containing polyether solvents for LIB electrolytes by this strategy [83] . Unlike the aforementioned FILs and DILs, these ZILs are highly viscous or semi-solids, and not compatible with Im12 DCA thinner IL co-solvent. Thus, a suitable organic solvent is needed for electrolyte formulations. In order to compensate high viscosity and low conductivity of ILs, several organic co-solvents, viz., ethylene carbonate (EC), propylene carbonate (PC), vinylene carbonate (VC), fluoroethylene carbonate (FEC), ethylene sulfite (ES), gamma-butyrolactone (γ-BL), fluoroether (FET) and adiponitrile (ADN) have been investigated [84] [85] [86] [87] [88] . Unfortunately, none of these solvents was found to be compatible with these ZILs. The only solvent found to be very promising was 2-nitropropane (2-NP), which possesses a very good dielectric constant (25.2), low viscosity (0.72 cP), and the relatively high boiling point when compared to DMC (120 °C vs. 90 °C). Table 8 summarizes the electrolyte formulations prepared in this study. Different concentrations of the lithium salt and the effect of weight ratios of ZIL/2-NP were studied for achieving superior ionic conductivity. We were pleased to see the very high Li-salt dissolution power (in excess of 2 M) of the ZIL/2-NP solvent mixtures. Figure 11 describes the temperature dependence ionic conductivity curves with varied LiTFSI contents in a 1:1 weight ratio of ZIL and 2-NP. As expected, the ionic conductivity increased with the increase of temperature, due to the decrease in viscosity. For each ZIL product, the ionic conductivities were measured at different LiTFSI concentrations to obtain optimum ionic conductivity. The results are summarized in Table 9 . The formulations that displayed the most significant room temperature (298 K) ionic conductivity include: 1:1 TBAE-ZIL/2-NP (15.9 mS cm −1 ) and 1.8 M in 1:1 DAEE-ZIL/2-NP (10.3 mS cm −1 ). It is noteworthy that the former formulation possesses much superior ionic conductivity compared to the carbonate-based electrolytes (11 mS cm −1 ) currently used in LIBs. High conductivity electrolytes are desirable for batteries with a high rate (>20 °C) charge/discharge features. Unlike the aforementioned FILs and DILs, these ZILs are highly viscous or semi-solids, and not compatible with Im 12 DCA thinner IL co-solvent. Thus, a suitable organic solvent is needed for electrolyte formulations. In order to compensate high viscosity and low conductivity of ILs, several organic co-solvents, viz., ethylene carbonate (EC), propylene carbonate (PC), vinylene carbonate (VC), fluoroethylene carbonate (FEC), ethylene sulfite (ES), gamma-butyrolactone (γ-BL), fluoroether (FET) and adiponitrile (ADN) have been investigated [84] [85] [86] [87] [88] . Unfortunately, none of these solvents was found to be compatible with these ZILs. The only solvent found to be very promising was 2-nitropropane (2-NP), which possesses a very good dielectric constant (25.2), low viscosity (0.72 cP), and the relatively high boiling point when compared to DMC (120 • C vs. 90 • C). Table 8 summarizes the electrolyte formulations prepared in this study. Different concentrations of the lithium salt and the effect of weight ratios of ZIL/2-NP were studied for achieving superior ionic conductivity. We were pleased to see the very high Li-salt dissolution power (in excess of 2 M) of the ZIL/2-NP solvent mixtures. Figure 11 describes the temperature dependence ionic conductivity curves with varied LiTFSI contents in a 1:1 weight ratio of ZIL and 2-NP. As expected, the ionic conductivity increased with the increase of temperature, due to the decrease in viscosity. For each ZIL product, the ionic conductivities were measured at different LiTFSI concentrations to obtain optimum ionic conductivity. The results are summarized in Table 9 . The formulations that displayed the most significant room temperature (298 K) ionic conductivity include: 1:1 TBAE-ZIL/2-NP (15.9 mS cm −1 ) and 1.8 M in 1:1 DAEE-ZIL/2-NP (10.3 mS cm −1 ). It is noteworthy that the former formulation possesses much superior ionic conductivity compared to the carbonate-based electrolytes (11 mS cm −1 ) currently used in LIBs. High conductivity electrolytes are desirable for batteries with a high rate (>20 • C) charge/discharge features. As depicted in Table 10 , the ionic conductivity values of our ZIL-based electrolytes are also superior with respect to the values displayed by the recently published ZIL-based electrolytes. This display of high ionic conductivity of our ZIL-based electrolytes may be ascribed, due to the presence of numerous asymmetric coordination of Li + with the hemi-labile ligands (ether oxygen, amine nitrogen, and nitrile nitrogen) [89] . In general, chelates form more stable complexes than mono-dentate ligands. This is due to the fact that when one coordination site is detached, the entire ligand does not "fall off", and is, instead, still attached by the other coordination site. When both coordination sites are chemically equivalent, it is equally likely for each of the complexes to break off, which, in effect, stabilizes the chelate. In hemi-labile ligands, such as amino-ethers, the coordination sites are chemically nonequivalent-one site is weaker than the other, i.e., oxygen binds more strongly than nitrogen. These will form more stable complexes than two mono-dentate ligands but will allow much faster ligand exchange compared to chemically equivalent chelates. The increase in the rate of ligand exchange results from the substitution being directed by a 'trans As depicted in Table 10 , the ionic conductivity values of our ZIL-based electrolytes are also superior with respect to the values displayed by the recently published ZIL-based electrolytes. This display of high ionic conductivity of our ZIL-based electrolytes may be ascribed, due to the presence of numerous asymmetric coordination of Li + with the hemi-labile ligands (ether oxygen, amine nitrogen, and nitrile nitrogen) [89] . In general, chelates form more stable complexes than mono-dentate ligands. This is due to the fact that when one coordination site is detached, the entire ligand does not "fall off", and is, instead, still attached by the other coordination site. When both coordination sites are chemically equivalent, it is equally likely for each of the complexes to break off, which, in effect, stabilizes the chelate. In hemi-labile ligands, such as amino-ethers, the coordination sites are chemically nonequivalent-one site is weaker than the other, i.e., oxygen binds more strongly than nitrogen. These will form more stable complexes than two mono-dentate ligands but will allow much faster ligand exchange compared to chemically equivalent chelates. The increase in the rate of ligand exchange results from the substitution being directed by a 'trans effect'-like mechanism, which effectively makes it favorable for the oxygen of another ligand to be substituted in the position trans to the nitrogen. By directing ligand substitution in this way, the ionic conductivity will be improved as a result of allowing the lithium ions to be structurally transferred between two ligands to the same degree that they are vehicularly transferred by dragging with the ligands attached during conduction. The net effect is a system that kinetically favors the exchange of lithium ions between ligands rather than favor chelation with a single ligand. 1M LiTFSI in pure 2-NP solution was also measured for comparison. We found that 2-NP electrolyte solution displayed ionic conductivity only at 4.09 mS cm −1 at room temperature, which was much lower than all of the ZIL-based electrolytes we investigated. This is because of a marked increase in the dielectric constant of the electrolytes, due to the addition of ZILs. We also noted limited dissolution of LiTFSI in 2-NP above 1 M concentration as we failed to prepare 1.4 M solution at room temperature. By contrast, we could easily prepare over 2 M LiTFSI solution with most 1:1 ZIL/2-NP mixture. This difference in solubility behavior is due to the increase of the dielectric constant of the solvent mixture in the presence of ZIL. An electrolyte with a high dielectric constant exhibits high ionic conductivity by promoting ionic dissociation of lithium salts [92] . Consequently, as we anticipated, the addition of ZIL materials to 2-NP remarkably increased both lithium salt solubility and ionic conductivity.
We have also studied the optimization of ionic conductivity of DAEE-ZIL in varied 2-NP content using 1.8 M LiTFSI concentration. The results are presented in Figure 12 . A weight ratio of 1:1 was found to be the best combination for achieving high ionic conductivity. Increasing any component would deteriorate the performance of the electrolyte. effect'-like mechanism, which effectively makes it favorable for the oxygen of another ligand to be substituted in the position trans to the nitrogen. By directing ligand substitution in this way, the ionic conductivity will be improved as a result of allowing the lithium ions to be structurally transferred between two ligands to the same degree that they are vehicularly transferred by dragging with the ligands attached during conduction. The net effect is a system that kinetically favors the exchange of lithium ions between ligands rather than favor chelation with a single ligand. 1M LiTFSI in pure 2-NP solution was also measured for comparison. We found that 2-NP electrolyte solution displayed ionic conductivity only at 4.09 mS cm −1 at room temperature, which was much lower than all of the ZIL-based electrolytes we investigated. This is because of a marked increase in the dielectric constant of the electrolytes, due to the addition of ZILs. We also noted limited dissolution of LiTFSI in 2-NP above 1 M concentration as we failed to prepare 1.4 M solution at room temperature. By contrast, we could easily prepare over 2 M LiTFSI solution with most 1:1 ZIL/2-NP mixture. This difference in solubility behavior is due to the increase of the dielectric constant of the solvent mixture in the presence of ZIL. An electrolyte with a high dielectric constant exhibits high ionic conductivity by promoting ionic dissociation of lithium salts [92] . Consequently, as we anticipated, the addition of ZIL materials to 2-NP remarkably increased both lithium salt solubility and ionic conductivity.
We have also studied the optimization of ionic conductivity of DAEE-ZIL in varied 2-NP content using 1.8 M LiTFSI concentration. The results are presented in Figure 12 . A weight ratio of 1:1 was found to be the best combination for achieving high ionic conductivity. Increasing any component would deteriorate the performance of the electrolyte. 
Performance of IL Electrolytes-Based Supercapacitor Cells
Supercapacitors utilizing the electrical double layer capacitor (EDLC) principle offer the advantages of both conventional dielectric capacitors and rechargeable batteries, provide fast storing/releasing of high power, long cycling life, and high reversibility [93] . EDLCs store energy by electrostatic absorption of cations and anions at the interface between the electrode and electrolyte. 
Supercapacitors utilizing the electrical double layer capacitor (EDLC) principle offer the advantages of both conventional dielectric capacitors and rechargeable batteries, provide fast storing/releasing of high power, long cycling life, and high reversibility [93] . EDLCs store energy by electrostatic absorption of cations and anions at the interface between the electrode and electrolyte. This process involves no charge transfer between the electrode and electrolyte (i.e., non-faradic process). Due to this mechanism, the main advantages of EDLCs over batteries is their much higher charging/discharging rate (usually in seconds) and longer cycling life (usually >10,000 cycles) [94] [95] [96] [97] . However, EDLCs are unpopular because of their energy density, which is 1-2 orders of magnitude lower than that of Li-ion batteries. As shown in the equation below, the energy density (E) of an EDLC device is proportional to its specific capacitance (C) and the square of its operating voltage (V).
Consequently, the energy density of an EDLC device can be increased by either achieving higher electrode capacitance and/or by expanding the operating voltage (OPV). Obviously, the adoption of electrolytes with a wide potential window is considered to be a more convenient strategy to increase the energy density voltage because of its square relationship with energy density.
Liquid electrolytes for EDLCs can be divided into three categories: Aqueous-based, IL-based and organic solvent-based [98] [99] [100] [101] . Because of the redox potential window of H 2 /O 2 , the maximum OPV of the aqueous-based electrolyte is limited to~1.0 V (for a strong acid/base electrolyte) or~1.8 V (for neutral electrolyte). Despite all the advantages of aqueous electrolytes (such as high ionic conductivity), aqueous EDLCs cannot achieve high energy density because of lower OPV. IL-based electrolytes have been proven to provide maximum OPV as high as 3.5-3.7 V [100, [102] [103] [104] . However, the high viscosity of ILs results in low electrolyte conductivity [18] , leading to large internal resistance losses of the cells.
An electrolyte for EDLC influences not only the maximum OPV, but also specific capacitance. It is understood that the specific capacitance of an EDLC is also dictated by the availability of the pores on the electrode surface, which is closely related to the properties of the electrolyte, such as the sizes of cation and anion species and the ion-solvent interaction [105] . For the anionic species, BF 4 − is the best choice to increase the specific capacitance [105] because of its smaller size which not only means more anions can accumulate per unit surface area, but also provides accessibility to small pores on the electrode surface [106] . Furthermore, ILs based on BF 4 − usually provide higher electrochemical stability and ionic conductivity than other anions, such as TFSI − and PF 6 − [100, 105] . Since neat ILs are not suitable for EDLC electrolytes we have prepared several electrolyte formulations based on 1-ethyl-3-methyl imidazolium tetrafluoroborate (EMIM-BF 4 ) and tetraethylammonium tetrafluoroborate (TEA-BF 4 ) in organic solvents, such as dimethoxyethane (DME) and ethylene carbonate (EC) ( Table 11 ). 1M TEA-BF 4 in EC/DME = 1/1 13.7 a All solvents are in volume ratio.
The ionic conductivity measurement results met our expectations. Electrolytes #3 and #4 proved that a small proportion of EC could enhance the solubility of EMIM-BF 4 ; while a higher portion of EC displayed slightly better conductivity. Solution #7 proved that EC also increased the solubility of TEA-BF 4 .
The maximum OPV of the EDLC coin cells was determined by the cyclic voltammetry (CV) experiment. We started from 0-2.5 V, and gradually increased the upper limit of OPV, until the redox peaks appeared at the high potential (the "sharp peak"), which indicates the oxidation reaction on the anode with the reduction in the electrolyte, and/or the reduction reaction on the cathode with the oxidation in the electrolyte. By this procedure, we could measure the approximate range of the maximum OPV ( Figure 13 ). Sample #7 displayed the best ESW (3.25-3.50 V) among all formulations, i.e., high electrochemical stability of both the cation and anion.
redox peaks appeared at the high potential (the "sharp peak"), which indicates the oxidation reaction on the anode with the reduction in the electrolyte, and/or the reduction reaction on the cathode with the oxidation in the electrolyte. By this procedure, we could measure the approximate range of the maximum OPV ( Figure 13 ). Sample #7 displayed the best ESW (3.25-3.50 V) among all formulations, i.e., high electrochemical stability of both the cation and anion. The cycling performances of the EDLC cells were examined by an MTI battery analyzer (BST8-WA). Coin cells with six different electrolyte formulations were run by charging-discharging cycles at different current densities: 0.5, 1.0, 2.0 and 4.0 A g −1 . The initial charging/discharging curves are presented in Figure 14 . Figure 14 . The initial charging-discharging curves at different current rates of EDLCs with electrolytes (a) #1, EMIM-BF4/DME = 6/4 v/v, (b) #7, 1M TEA-BF4 in EC/DME = 1/1 v/v. Table 12 summarizes specific capacitance and energy density, which were calculated based on the initial (50th) cycle discharging time and OPV. The Coulombic efficiency (Cd/Cc) of the EDLC cells was calculated by discharging time/charging time of the displayed cycle at 1 A g −1 . Although electrolyte #1 showed the lowest internal resistance and a very good C value was observed (112.7 F g −1 ), the lower OPV limits its energy density (29.6 Wh Kg −1 ). By contrast, despite having a lower capacitance (87.9 F g −1 ), electrolyte #7 displayed much higher energy density (37.4 Wh Kg −1 ) because of higher OPV. The lower C is attributed to the larger size and sphere-like shape of TEA + . The higher C of electrolyte #1 is likely due to the planar-shape of EMIM + . The cycling performances of the EDLC cells were examined by an MTI battery analyzer (BST8-WA). Coin cells with six different electrolyte formulations were run by charging-discharging cycles at different current densities: 0.5, 1.0, 2.0 and 4.0 A g −1 . The initial charging/discharging curves are presented in Figure 14 .
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